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Maris & Tandy . . . series of five papers . . . excellent

description of light pseudoscalar and vector mesons . . .

basket of 31 masses/couplings/radii with r.m.s. error of 15%

. . . moreover, prediction of Fπ(Q2) measured in Hall A.

One parameter model . . . parameter specifies long-range

interaction between light-quarks . . . model-independent

results in ultraviolet

Next Steps . . . Applications to excited states and

axial-vector mesons, e.g., will improve understanding of

confinement interaction between light-quarks

Schladming, Styria, Austria, 11-18 March, 2006 – p. 2/42



First Contents Back Conclusion

Nucleon Properties

Another Direction . . . Also want/need information about

three-quark systems

Schladming, Styria, Austria, 11-18 March, 2006 – p. 2/42



First Contents Back Conclusion

Nucleon Properties

Another Direction . . . Also want/need information about

three-quark systems

With this problem . . . current expertise at approximately

same point as studies of mesons in 1995.

Schladming, Styria, Austria, 11-18 March, 2006 – p. 2/42



First Contents Back Conclusion

Nucleon Properties

Another Direction . . . Also want/need information about

three-quark systems

With this problem . . . current expertise at approximately

same point as studies of mesons in 1995.

Namely . . . Model-building and Phenomenology,

constrained by the DSE results outlined already.
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If JLab Correct, then

Completely

Unexpected Result:

In the Proton

– On Relativistic

Domain

– Distribution of

Quark-Charge

Not Equal

Distribution of

Quark-Current!
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Basic research must be results-oriented

2010: Determine all nucleon electromagnetic form factors

accurately to a momentum transfer of 3.5 GeV2

2014:

Calculate nucleon electromagnetic form factors via

Numerical Simulations of lattice-regularised full-QCD

Carry out ab initio microscopic studies of the structure

and dynamics of light nuclei based on two-nucleon and

many-nucleon forces and lattice QCD calculations of

hadron interaction mechanisms relevant to the origin of

the nucleon-nucleon interaction.
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an average of $2.51 billion per-day

= 16 JLab-Upgrade-Units/day
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FY06: Administration’s stated goal was a 10% Reduction in

Force (euphemism for sackings) and Operations

FY07: Administration’s commitment to double federal

investment basic research programs over the next ten years

Is planning possible? . . . Remember FY05: Men on Mars?
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Höll, Kloker, et al. : nu-th/0412046 & nu-th/0501033

• Interpreting expts. with GeV electromagnetic probes

requires Poincaré covariant treatment of baryons

⇒ Covariant Faddeev Equation

• Excellent mass spectrum (octet and decuplet)

Easily obtained:
(

1

NH

∑

H

[M exp
H − M calc

H ]2

[M exp
H ]2

)1/2

= 2%
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• Interpreting expts. with GeV electromagnetic probes

requires Poincaré covariant treatment of baryons

⇒ Covariant Faddeev Equation

• Excellent mass spectrum (octet and decuplet)

Easily obtained:
(

1

NH

∑

H

[M exp
H − M calc

H ]2

[M exp
H ]2

)1/2

= 2%

• But is that good?

• Cloudy Bag: δMπ−loop
+ = −300 to −400 MeV!

• Critical to anticipate pion cloud effects

Roberts, Tandy, Thomas, et al., nu-th/02010084
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(qq)JP (ud)0+ (us)0+

mqq (GeV) 0.74 0.88

(qq)JP (uu)1+ (us)1+ (ss)1+

mqq (GeV) 0.95 1.05 1.13

(qq)JP (uu)1− (us)1− (ss)1−

mqq (GeV) 1.47 1.53 1.64

(qq)JP (ud)0−

mqq (GeV) 1.50
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(qq)JP (ud)0+ (us)0+
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(qq)JP (uu)1+ (us)1+ (ss)1+

mqq (GeV) 0.95 1.05 1.13

(qq)JP (uu)1− (us)1− (ss)1−

mqq (GeV) 1.47 1.53 1.64

(qq)JP (ud)0−

mqq (GeV) 1.50

• octet: 1.0-1.3 GeV,
decuplet: 1.2-1.7 GeV

• “Energy denominators:”
0+ and 1+

are dominant
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=
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Linear, Homogeneous Matrix equation

Yields wave function (Poincaré Covariant Faddeev

Amplitude) that describes quark-diquark relative motion

within the nucleon

Scalar and Axial-Vector Diquarks . . . In Nucleon’s Rest

Frame Amplitude has . . . s−, p− & d−wave correlations
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t
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1
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Ha iγµC t

i F(k2/ ω2
1+ )

• Colour matrices:

{H1 = iλ7,H2 = −iλ5,H3 = iλ2} , ǫc1c2c3 = (Hc3)c1c2
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0+ ) ,

t
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µ (k;K) =
1

N 1+
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1+ )

• Two parameters: ω0+ , ω1+

∼ Inverse of diquarks’ configuration-space size
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δµν +
KµKν
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)
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F(x) =
1 − exp(−x)

x
Absence of a Spectral Representation

Realisation of Confinement
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0+) ,

∆1+

µν (K) =

(

δµν +
KµKν

m2
1+

)

1

m2
1+

F(K2/ω2
1+)

• Two parameters: m0+ , m1+

∼ Inverse of diquarks’ configuration-space correlation length
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Accentuates free-particle-like propagation characteristics of the

diquarks within hadron.
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K2=0

= 1 ⇒ ω2
JP =

1

2
m2

JP ,

Accentuates free-particle-like propagation characteristics of the

diquarks within hadron.

Two Parameter Faddeev Equation Model of Nucleon

Solve Faddeev Equation

Vary m0+ and m1+ to obtain desired masses for N and ∆
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∫

d4k

(2π)4
g2
PV (P, k)∆π((P − k)2)

× γ · (P − k)γ5 G(k) γ · (P − k)γ5

= iγ · k [A(k2) − 1] + B(k2)

• Pseudovector coupling

• Completely equivalent to pseudoscalar coupling

IF that is treated completely

• Tadpole contribution can’t be neglected

(Hecht, Oettel, Roberts, Schmidt, Tandy, Thomas: nucl-th/0201084)
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Nucleon’s self-energy - pion loop

Σ(P ) = 3

∫

d4k

(2π)4
g2
PV (P, k) ∆π((P − k)2)

× γ · (P − k)γ5 G(k) γ · (P − k)γ5

= iγ · k [A(k2) − 1] + B(k2)

gPV (P, k), πN vertex function

Calculated using Γπ and ΨN

Always soft: Monopole λ ∼ 0.6 GeV
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∫

d4k

(2π)4
g2
PV (P, k) ∆π((P − k)2)

× γ · (P − k)γ5 G(k) γ · (P − k)γ5

= iγ · k [A(k2) − 1] + B(k2)

gPV (P, k), πN vertex function

Calculated using Γπ and ΨN

Always soft: Monopole λ ∼ 0.6 GeV

Corresponds to range rλ ∼ 0.8 fm

. . . pion cloud does not

penetrate deeply within nucleon. 0.0 0.5 1.0 1.5
k (GeV)

0.0

0.2

0.4

0.6

0.8

1.0

u
2 (k

)
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Nucleon’s self-energy - pion loop

Σ(P ) = 3

∫

d4k

(2π)4
g2
PV (P, k)∆π((P − k)2)

× γ · (P − k)γ5 G(k) γ · (P − k)γ5

= iγ · k [A(k2) − 1] + B(k2)

G(k) = 1/[iγ · k + M + Σ(P )] Pole Position Not

= −iγ · k σV(k2) + σS(k2) Known a priori

Mass shift calculated via self-consistent solution

Schladming, Styria, Austria, 11-18 March, 2006 – p. 10/42



First Contents Back Conclusion

Nucleon’s self-energy - pion loop

Σ(P ) = 3

∫

d4k

(2π)4
g2
PV (const.)∆π((P − k)2)

× γ · (P − k)γ5 G(k) γ · (P − k)γ5

= iγ · k [A(k2) − 1] + B(k2)

Obtain Integral Equation Kernels
∫

dΩk f((P − k)2) =
2

π

∫ 1

−1
dz
√

1 − z2 f(P 2 + k2 − 2Pkz)

E.g.
ωB(P 2, k2) =

∫

dΩk
(P − k)2

(P − k)2 + m2
π

= 1 − 2m2
π

a +
√

a2 − b2
,

a = P 2 + k2 + m2
π, b = 2Pk
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Nucleon’s self-energy - pion loop

Σ(P ) = 3

∫

d4k

(2π)4
g2
PV (P, k)∆π((P − k)2)

× γ · (P − k)γ5 G(k) γ · (P − k)γ5

= iγ · k [A(k2) − 1] + B(k2)

But gPV = gPV (P 2, k2, P · k)

Therefore, In General, Kernel only known Numerically

Complicates analysis . . .

locating, incorporating poles in integrand

Schladming, Styria, Austria, 11-18 March, 2006 – p. 10/42



First Contents Back Conclusion

Nucleon Self Energy: Chiral Limit

Hecht, et al., nu-th/0201084

Schladming, Styria, Austria, 11-18 March, 2006 – p. 11/42



First Contents Back Conclusion

Nucleon Self Energy: Chiral Limit

Hecht, et al., nu-th/0201084

Let’s look what happens when mπ → 0

Minkowski Space

Pseudovector Coupling

Schladming, Styria, Austria, 11-18 March, 2006 – p. 11/42



First Contents Back Conclusion

Nucleon Self Energy: Chiral Limit

Hecht, et al., nu-th/0201084

Let’s look what happens when mπ → 0

Minkowski Space

Pseudovector Coupling

One-loop nucleon self energy

Σ(P) = 3i
g2

4M2

∫

d4k

(2π)4
∆(k2, m2

π) 6kγ5 G0(P − k) 6kγ5 .

This integral is divergent. Assume a Poincaré covariant regularisation,
characterised by a mass-scale λ
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Let’s look what happens when mπ → 0

Minkowski Space

Pseudovector Coupling

One-loop nucleon self energy

Σ(P) = 3i
g2

4M2

∫

d4k

(2π)4
∆(k2, m2

π) 6kγ5 G0(P − k) 6kγ5 .

This integral is divergent. Assume a Poincaré covariant regularisation,
characterised by a mass-scale λ

Decompose nucleon propagator into positive and negative energy components

G0(P ) =
1

6P − M0

= G+
0 (P ) + G−

0 (P )

=
M

ωN ( ~P )

[

Λ+( ~P )
1

P0 − ωN ( ~P ) + iε
+ Λ

−
( ~P )

1

P0 + ωN ( ~P ) − iε

]

(4)

ω2
N (~P) = ~P2 + M2, and Λ±(~P) = ( 6 P̃ ± M)/(2M), P̃ = (ω(~P), ~P)
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One-loop nucleon self energy

Σ(P) = 3i
g2

4M2

∫

d4k

(2π)4
∆(k2, m2

π) 6kγ5 G0(P − k) 6kγ5 .

Shift in the mass of a positive energy nucleon nucleon:

δM+ = 1
2
trD

[

Λ+(~P = 0) Σ(P0 = M, ~P = 0)
]
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One-loop nucleon self energy

Σ(P) = 3i
g2

4M2

∫

d4k

(2π)4
∆(k2, m2

π) 6kγ5 G0(P − k) 6kγ5 .

Shift in the mass of a positive energy nucleon nucleon:

δM+ = 1
2
trD

[

Λ+(~P = 0) Σ(P0 = M, ~P = 0)
]

Focus on positive energy nucleon’s contribution to the loop integral; i.e.,
∆(k) G+(P − k), which we denote: δF M

+
+
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One-loop nucleon self energy

Σ(P) = 3i
g2

4M2

∫

d4k

(2π)4
∆(k2, m2

π) 6kγ5 G0(P − k) 6kγ5 .

Shift in the mass of a positive energy nucleon nucleon:

δM+ = 1
2
trD

[

Λ+(~P = 0) Σ(P0 = M, ~P = 0)
]

Focus on positive energy nucleon’s contribution to the loop integral; i.e.,
∆(k) G+(P − k), which we denote: δF M

+
+

To evaluate k0 integral, close contour in lower half-plane, thereby encircling
only the positive-energy pion pole.

δF M
+
+ = −3g2

∫

d3k

(2π)3
ωN (~k2) − M0

4 ωN (~k2)

1

ωπ(~k2) [ωπ(~k2) + ωN (~k2) − M0]
(9)
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δF M
+
+ = −3g2

∫

d3k

(2π)3
ωN (~k2) − M0

4 ωN (~k2)

1

ωπ(~k2) [ωπ(~k2) + ωN (~k2) − M0]
(10)
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δF M
+
+ = −3g2

∫

d3k

(2π)3
ωN (~k2) − M0

4 ωN (~k2)

1

ωπ(~k2) [ωπ(~k2) + ωN (~k2) − M0]
(14)

On the domain for which the regularised integral has significant support, assume
that M0 is very much greater than all other mass scales.

ωN (~k2) − M ≈
~k2

2 M
(15)
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δF M
+
+ = −3g2

∫

d3k

(2π)3
ωN (~k2) − M0

4 ωN (~k2)

1

ωπ(~k2) [ωπ(~k2) + ωN (~k2) − M0]
(18)

On the domain for which the regularised integral has significant support, assume
that M0 is very much greater than all other mass scales.

ωN (~k2) − M ≈
~k2

2 M
(19)

Then δF M
+
+ ≈ −3g2

∫

d3k

(2π)3

~k2

8 M2

1

ω2
λi

(~k2)
(20)
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δF M
+
+ = −3g2

∫

d3k

(2π)3
ωN (~k2) − M0

4 ωN (~k2)

1

ωπ(~k2) [ωπ(~k2) + ωN (~k2) − M0]
(22)

On the domain for which the regularised integral has significant support, assume
that M0 is very much greater than all other mass scales.

ωN (~k2) − M ≈
~k2

2 M
(23)

Then δF M
+
+ ≈ −3g2

∫

d3k

(2π)3

~k2

8 M2

1

ω2
λi

(~k2)
(24)

So that
d2 δF M

+
+

(dm2
π)2

≈ −
3g2

4M2

∫

d3k

(2π)3

~k2

ω6
π(~k2)

= −
9

128π

g2

M2

1

mπ
. (25)
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δF M
+
+ = −3g2

∫

d3k

(2π)3
ωN (~k2) − M0

4 ωN (~k2)

1

ωπ(~k2) [ωπ(~k2) + ωN (~k2) − M0]
(26)

On the domain for which the regularised integral has significant support, assume
that M0 is very much greater than all other mass scales.

ωN (~k2) − M ≈
~k2

2 M
(27)

Then δF M
+
+ ≈ −3g2

∫

d3k

(2π)3

~k2

8 M2

1

ω2
λi

(~k2)
(28)

So that
d2 δF M

+
+

(dm2
π)2

≈ −
3g2

4M2

∫

d3k

(2π)3

~k2

ω6
π(~k2)

= −
9

128π

g2

M2

1

mπ
. (29)

Namely δF M
+
+ = −

3

32π

g2

M2
m3

π + f
+
(1)

(λ1, λ2) m2
π + f

+
(0)

(λ1, λ2)

where the last two terms express the necessary contribution from the regulator.
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Nucleon’s self energy

δF M
+
+ = −

3

32π

g2

M2
m3

π + f
+
(1)

(λ1, λ2) m2
π + f

+
(0)

(λ1, λ2)
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Nucleon’s self energy

δF M
+
+ = −

3

32π

g2

M2
m3

π + f
+
(1)

(λ1, λ2) m2
π + f

+
(0)

(λ1, λ2)

Given that m2
π ∝ m̂ in the neighbourhood of the chiral limit, the m3

π is
nonanalytic in the current-quark mass on this domain.

Schladming, Styria, Austria, 11-18 March, 2006 – p. 14/42



First Contents Back Conclusion

Nucleon Self Energy: Chiral Limit

Hecht, et al., nu-th/0201084

Nucleon’s self energy

δF M
+
+ = −

3

32π

g2

M2
m3

π + f
+
(1)

(λ1, λ2) m2
π + f

+
(0)

(λ1, λ2)

Given that m2
π ∝ m̂ in the neighbourhood of the chiral limit, the m3

π is
nonanalytic in the current-quark mass on this domain.

This is the Leading Nonanalytic Contribution much touted in effective field
theory.

Its form is completely fixed by chiral symmetry and the pattern of its
dynamical breaking.

NB. Contribution from negative energy nucleon is ∝
1

M3
.
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Nucleon’s self energy

δF M
+
+ = −

3

32π

g2

M2
m3

π + f
+
(1)

(λ1, λ2) m2
π + f

+
(0)

(λ1, λ2)

Given that m2
π ∝ m̂ in the neighbourhood of the chiral limit, the m3

π is
nonanalytic in the current-quark mass on this domain.

This is the Leading Nonanalytic Contribution much touted in effective field
theory.

Its form is completely fixed by chiral symmetry and the pattern of its
dynamical breaking.

NB. Contribution from negative energy nucleon is ∝
1

M3
.

The remaining terms are regular in the current-quark mass. Their exact nature
depends on the explicit form of regularisation procedure.
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Nucleon’s self energy

δF M
+
+ = −

3

32π

g2

M2
m3

π + f
+
(1)

(λ1, λ2) m2
π + f

+
(0)

(λ1, λ2)

Given that m2
π ∝ m̂ in the neighbourhood of the chiral limit, the m3

π is
nonanalytic in the current-quark mass on this domain.

The Leading Nonanalytic Contribution is a somewhat magical model-independent
result.
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Nucleon’s self energy

δF M
+
+ = −

3

32π

g2

M2
m3

π + f
+
(1)

(λ1, λ2) m2
π + f

+
(0)

(λ1, λ2)

Given that m2
π ∝ m̂ in the neighbourhood of the chiral limit, the m3

π is
nonanalytic in the current-quark mass on this domain.

The Leading Nonanalytic Contribution is a somewhat magical model-independent
result.

Unfortunately, it is not of much relevance in the real world. The actual value of the
pion loop contribution to the nucleon’s mass is completely determined by the
regularisation dependent terms.

It is essential for a framework to veraciously express the leading nonanalytic
contribution . . . it serves as a check that DCSB is truly described.

However, beyond that, one must accept that the world is messy.
The pion has a finite size. So does the nucleon.
These sizes set the mass-scale which determines the nucleon’s mass
shift.
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2M
exp(−(P − k)2/Λ2)
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Model pion-nucleon coupling

gPV (P, k) =
g

2M
exp(−(P − k)2/Λ2)

• B-Kernel
∫

dΩk g2
PV ((P − k)2)

[

1 − 2m2
π

(P − k)2 + m2
π

]

Clearly the sum of two independent terms.
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Model pion-nucleon coupling

gPV (P, k) =
g

2M
exp(−(P − k)2/Λ2)

• B-Kernel
∫

dΩk g2
PV ((P − k)2)

[

1 − 2m2
π

(P − k)2 + m2
π

]

• First term can be evaluated exactly

ḡ2
PV (P 2, k2) =

∫

dΩk g2
PV ((P − k)2)

=
g2

4M2
e−2(P 2+k2)/Λ2 Λ2

2Pk
I1(4Pk/Λ2) ,
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Model pion-nucleon coupling

gPV (P, k) =
g

2M
exp(−(P − k)2/Λ2)

• B-Kernel
∫

dΩk g2
PV ((P − k)2)

[

1 − 2m2
π

(P − k)2 + m2
π

]

• Second term can be approximated

ωg2(P 2, k2) = 2m2
π

∫

dΩk
g2
PV ((P − k)2)

(P − k)2 + m2
π

≈ g2
PV (|P − k|2) 2m2

π

a +
√

a2 − b2

• Reliable when analytic

structure of gPV is not key to that of solution
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Model pion-nucleon coupling

gPV (P, k) =
g

2M
exp(−(P − k)2/Λ2)

• B-Kernel
∫

dΩk g2
PV ((P − k)2)

[

1 − 2m2
π

(P − k)2 + m2
π

]

• Total Kernel:

≈ ḡ2
PV (P 2, k2) − g2

PV (|P 2 − k2|) 2m2
π

a +
√

a2 − b2
,

=: ḡ2
PV (P 2, k2) − g̃2

PV (P 2, k2))
2m2

π

a +
√

a2 − b2
,

• Analytic structure is transparent
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• Solve DSE Nonperturbatively

M2
DA2(−M2

D) = [M + B(−M2
D)]2

δM = MD − M
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Nucleon’s self energy and mass shift

• Solve DSE Nonperturbatively

M2
DA2(−M2

D) = [M + B(−M2
D)]2

δM = MD − M

• Vector self energy
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Nucleon’s self energy and mass shift

• Solve DSE Nonperturbatively

M2
DA2(−M2

D) = [M + B(−M2
D)]2

δM = MD − M

• Scalar self energy
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Nucleon’s self energy and mass shift

• Solve DSE Nonperturbatively

M2
DA2(−M2

D) = [M + B(−M2
D)]2

δM = MD − M

(Λ,ΛN ) (Λ,ΛN ) (Λ,ΛN )

(0.9,∞) (0.9, 1.5) (0.9, 2.0)

− δM (MeV) 222 61 99
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Nucleon’s self energy and mass shift

• Solve DSE Nonperturbatively

M2
DA2(−M2

D) = [M + B(−M2
D)]2

δM = MD − M

(Λ,ΛN ) (Λ,ΛN ) (Λ,ΛN )

(0.9,∞) (0.9, 1.5) (0.9, 2.0)

− δM (MeV) 222 61 99

No suppression for nucleon off-shell in self-energy loop;

i.e, gPV ((P − k2), P 2, k2)

Neglected this dependence
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Nucleon’s self energy and mass shift

• Solve DSE Nonperturbatively

M2
DA2(−M2

D) = [M + B(−M2
D)]2

δM = MD − M

(Λ,ΛN ) (Λ,ΛN ) (Λ,ΛN )

(0.9,∞) (0.9, 1.5) (0.9, 2.0)

− δM (MeV) 222 61 99

gPV (P 2, k2, P · k) =
g

2M
e−(P−k)2/Λ2

e−(P 2+M2+k2+M2)/Λ2
N

Correct on-shell limit:

gPV (P 2 = −M2, k2 = −M2, (P − k)2 = 0) =
g

2M
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Nucleon’s self energy and mass shift

• Solve DSE Nonperturbatively

M2
DA2(−M2

D) = [M + B(−M2
D)]2

δM = MD − M Range from meson
exchange model phen.

(Λ,ΛN ) (Λ,ΛN ) (Λ,ΛN )

(0.9,∞) (0.9, 1.5) (0.9, 2.0)

− δM (MeV) 222 61 99

gPV (P 2, k2, P · k) =
g

2M
e−(P−k)2/Λ2

e−(P 2+M2+k2+M2)/Λ2
N

ΛN → ∞ ⇒ pointlike nucleon
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Pion loop’s effect

Nonpointlike πN -loop

. . . reduces nucleon’s mass by ∼ 100 MeV

There’s also a π∆-loop

. . . reduces nucleon’s mass by not more than 100 MeV

−δMN ∼ 200 MeV

Qualitative effect of this?
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Too much of a good thing

• Refit Faddeev model parameters,

allowing for heavier “quark-core” mass
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Too much of a good thing

ω0+ ω1+ MN M∆ ωf1
ωf2

R

0+ 0.45 - 1.44 - 0.36 0.35 2.32

0+ & 1+ 0.45 1.36 1.14 1.33 0.44 0.36 0.54

0+ 0.64 - 1.59 - 0.39 0.41 1.28

0+ & 1+ 0.64 1.19 0.94 1.23 0.49 0.44 0.25

Unsurprisingly:

Requiring Exact Fit to N , ∆ masses

with only q, (qq)JP Degrees of Freedom

⇒ Forces 1+ to mimic, in part, effect of π
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Mass-scale parameters (in GeV) for the scalar and axial-vector

diquark correlations, fixed by fitting nucleon and ∆ masses

Set A – fit to the actual masses was required; whereas for

Set B – fitted mass was offset to allow for “π-cloud” contributions
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B 1.18 1.33 0.79 0.89 0.56=1/(0.35 fm) 0.63=1/(0.31 fm)
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N = 1.15 GeV; MB

N = 1.46 GeV

Constructive Interference: 1++-diquark + ∂µπ
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Sigma TermHöll, et al., nu-th/0510075

σ-term for hadron, H, obtained from the isoscalar matrix element

〈H(x)|m̄ Jσ(z)|H(y)〉 , Jσ(z) = Q̄(z)τ0Q(z) ,

Simple counting of field dimensions ⇒
Mesons, amputated matrix element has mass-dimension two,

Fermions, it has mass-dimension one.

For all hadrons the σ-term vanishes in the chiral limit.

Therefore . . . keen probe of the impact of explicit chiral
symmetry breaking on a hadron, in particular, on a hadron’s
mass.

Important for numerous reasons, some of longstanding.
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All πN -interactions are derivative couplings

Except that one which is related to current-quark masses

Determined by σ-term: scalar form factor of the nucleon:

ū(p′) σN (t) u(p) := m̄ 〈P (p′)|ūu + d̄d|P (p)〉 , t = (p′ − p)2

Derivative couplings vanish at zero pion 4-momentum (chiral limit)

Therefore non-derivative coupling can be isolated by
extrapolating (dispersion relations) isospin-even πN-scattering
amplitude to the Cheng-Dashen point:
s = u = MN , t = 2m2

π
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Longstanding: πN Scattering

Commonly used chiral effective Lagrangian

All πN -interactions are derivative couplings

Except that one which is related to current-quark masses

Determined by σ-term: scalar form factor of the nucleon:

ū(p′) σN (t) u(p) := m̄ 〈P (p′)|ūu + d̄d|P (p)〉 , t = (p′ − p)2

Derivative couplings vanish at zero pion 4-momentum (chiral limit)

ΣN := σN(t = 2m2
π)

To get from t = 2m2
π to t = 0, use; e.g., higher order chiral

perturbation theory . . . Modern Experiment . . .

σN = σN(t = 0) = ΣN − 15 MeV = 67 ± 8
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Return to Pion Sigma Term

The pion’s σ-term is defined by

2 mπ σπ := sπ(Q2 = 0)

= trCDF

∫

d4ℓ

(2π)4
S(ℓ−1,0) m̄ Γτ0(ℓ−1,0; 0)S(ℓ−1,0)

×Γπ(ℓ
−

1

2
,0;−P )S(ℓ) Γπ(ℓ

−
1

2
,0; P )
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∫
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∂
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Feynman-Hellmann Theorem

In deriving σπ = m̄(ζ)
∂mπ

∂m̄(ζ)
, I have depended heavily upon

the fact that the rainbow-ladder expression is the leading term in a
systematic, nonperturbative and symmetry preserving truncation.

Concrete illustration of a general result that may be viewed as a
consequence of the Feynman-Hellmann theorem.

Present case: theorem states that response of an eigenvalue
of the QCD mass2-operator to a change in a parameter in that
operator is given by expectation value of the derivative of the
mass2-operator operator with respect to the parameter.

∂EM2

∂λ
=

〈

∂M2

∂λ

〉
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Feynman-Hellmann Theorem

In deriving σπ = m̄(ζ)
∂mπ

∂m̄(ζ)
, I have depended heavily upon

the fact that the rainbow-ladder expression is the leading term in a
systematic, nonperturbative and symmetry preserving truncation.

Concrete illustration of a general result that may be viewed as a
consequence of the Feynman-Hellmann theorem.

∂EM2

∂λ
=

〈

∂M2

∂λ

〉

Derived by Feynman, when 21, in his final year as an
undergraduate. Has played an important role in theoretical
chemistry and condensed matter physics.
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Feynman-Hellmann Theorem

In deriving σπ = m̄(ζ)
∂mπ

∂m̄(ζ)
, I have depended heavily upon

the fact that the rainbow-ladder expression is the leading term in a
systematic, nonperturbative and symmetry preserving truncation.

Concrete illustration of a general result that may be viewed as a
consequence of the Feynman-Hellmann theorem.

∂EM2

∂λ
=

〈

∂M2

∂λ

〉

The result is valid in this form for all mesons; i.e.,

2 mMσM := sM(0) = m̄(ζ)
∂m2

M

∂m̄(ζ)
⇒ σM = m̄(ζ)

∂mM

∂m̄(ζ)

NB. The σ-term is a renormalisation point invariant, in general and
also in the explicit calculation, so long as a RGI rainbow-ladder
truncation is used. Schladming, Styria, Austria, 11-18 March, 2006 – p. 23/42
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dependence of dynamical
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σu,d

ME
u,d

:=
mu,d(ζ)

ME
u,d

∂ME
u,d

∂mu,d(ζ)
= 0.023
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Baryon Sigma Term

Baryon σ-term . . . determined from scalar form factor

sB(Q2) = 〈B(P ′)|m̄ Jσ(Q)|B(P )〉 , Qµ = (P ′ − P )µ

Dimension counting ⇒ sB(Q2) has dimension one.

σB := sB(Q2 = 0) = m̄(ζ)
∂MF

∂m̄(ζ)

Apparent in context of Feynman-Hellmann theorem because
fermion fields have mass-dimension 3/2 and their spectrum is
described by a mass-operator , not a mass-squared operator.

σ-terms of the nucleon and ∆ can thus be determined in any
framework that provides for a calculation of the
current-quark-mass dependence of MN and M∆.
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Baryon Sigma Term:
Quark-core input

Current-quark mass-dependence of Faddeev Equation’s kernel

dressed-quark propagator

diquark “masses”

Fixed or well-constrained by DSE input

σQ := m(ζ)
∂ME

∂m(ζ)
= 6.2 MeV

mqq(m) = m0
qq + m σqq

σqq = (1.0 – 1.2) σRL
ρ

Set MN M∆ σN σ∆

A 0.94 1.23 0.046 0.042

B 1.18 1.33 0.047 0.042

Bσ̃ 1.18 1.33 0.057 0.051
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δMN = − 6π
f2

NNπ

m2
π

∫

d3k

(2π)3

~k2 u2(~k2)

ωπ(~k2)[ωπ(~k2) + ωN(~k2) − MN ]

Schladming, Styria, Austria, 11-18 March, 2006 – p. 27/42



First Contents Back Conclusion

Baryon Sigma Term:
Pion cloud

N → πN → N -loop correction to nucleon’s mass

δMN = − 6π
f2

NNπ

m2
π

∫

d3k

(2π)3

~k2 u2(~k2)

ωπ(~k2)[ωπ(~k2) + ωN(~k2) − MN ]

Input . . .

f2
NNπ = g2

NNπm2
π/(16πM2

N),
(fNNπ/MN) = (gA/fπ) = 13.6 GeV−1

ωπ(~k2) =
√

~k2 + m2
π

u(~k2) = 1/(1 + ~k2/λ2)
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N → πN → N -loop correction to nucleon’s mass

δMN = − 6π
f2

NNπ

m2
π

∫

d3k

(2π)3

~k2 u2(~k2)

ωπ(~k2)[ωπ(~k2) + ωN(~k2) − MN ]

Input . . .

f2
NNπ = g2

NNπm2
π/(16πM2

N),
(fNNπ/MN) = (gA/fπ) = 13.6 GeV−1

ωπ(~k2) =
√

~k2 + m2
π

u(~k2) = 1/(1 + ~k2/λ2)

And . . . Calculated results:

m2
π = − 2 m

〈q̄q〉π

f2
π

MB
N = 1.13 + 9.20 m , m ∈ [0.0045, 0.0055]
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δMN = − 6π
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NNπ

m2
π

∫

d3k

(2π)3

~k2 u2(~k2)

ωπ(~k2)[ωπ(~k2) + ωN(~k2) − MN ]

λ 0.30 0.40

δσπN
N 0.0037 0.0058
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Baryon Sigma Term:
Pion cloud

N → πN → N -loop correction to nucleon’s mass

δMN = − 6π
f2

NNπ

m2
π

∫

d3k

(2π)3

~k2 u2(~k2)

ωπ(~k2)[ωπ(~k2) + ωN(~k2) − MN ]

λ 0.30 0.40

δσπN
N 0.0037 0.0058

Shift in MN owing to π∆ self-energy has same sign and is no
larger in magnitude ⇒ δσπN+π∆

N ≃ 7 MeV

Shift in M∆ owing to πN and π∆ self-energies is approximately
one-half of correction to MN ⇒ δσπN+π∆

∆ ≃ 3 MeV
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Sigma Terms:
Result

Putting everything together

σqqq
N ≃ 53 MeV , σqqq

∆ ≃ 47 MeV

σπN+π∆
N ≃ 7 MeV, σπN+π∆

∆ ≃ 3 MeV

σN ≃ 60 MeV , σ∆ ≃ 50 MeV Error < 15%

Experiment σN = 67 ± 8 MeV

Summary . . .
δmH

mH

=
σH

mH

δm̄

m̄

π π1 σ ρ ω N ∆

σH

mH

0.498 0.017 0.013 0.021 0.034 0.064 0.041
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Now have Poincaré Covariant Wave Function for Nucleon

How does this nucleon couple to a photon?

Nucleon’s e.m. current:

Jµ(P ′, P ) = ie ū(P ′) Λµ(Q,P ) u(P ) , Q = P ′ − P

= ie ū(P ′)

(

γµF1(Q
2) +

1

2M
σµν Qν F2(Q

2)

)

u(P )

GE(Q2) = F1(Q
2)− Q2

4M2
F2(Q

2) , GM (Q2) = F1(Q
2)+F2(Q

2) .
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Nucleon-Photon Current

Now have Poincaré Covariant Wave Function for Nucleon

How does this nucleon couple to a photon?

Nucleon’s e.m. current:

Jµ(P ′, P ) = ie ū(P ′) Λµ(Q,P ) u(P ) , Q = P ′ − P

= ie ū(P ′)

(

γµF1(Q
2) +

1

2M
σµν Qν F2(Q

2)

)

u(P )

GE(Q2) = F1(Q
2)− Q2

4M2
F2(Q

2) , GM (Q2) = F1(Q
2)+F2(Q

2) .

Question: . . . What is Λµ(Q, P )?

Extensive Expertise in Nuclear Physics Community
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Parameters: Nucleon-Photon Vertex

Photon–Axial-vector-diquark coupling

i

iΨ Ψ
Pf

f

P

Q

Three Form Factors

Two parameters . . .

G1+

E (0) = 1 , G1+

M(0) = µ1+ , G1+

Q (0) = −χ1+ .

Charge correctly normalised

Magnetic (µ1+) and Quadrupole (χ1+) Moments

pointlike axial-vector: µ1+ = 2; and χ1+ = 1

pQCD ultraviolet constraint:

G1+

E (Q2) : G1+

M(Q2) : G1+

Q (Q2)
Q2→∞

= (1 −
2

3

Q2

4m2
1+

) : 2 : −1
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Parameters: Nucleon-Photon Vertex

Axial-vector-diquark ↔ Scalar-diquark Transition coupling

scalaraxial vector

i

iΨ Ψ
Pf

f

P

Q

One parameter . . .

Γγα
SA(ℓ1, ℓ2) = −Γγα

AS(ℓ1, ℓ2)

=
i

MN
κT εγαρλℓ1ρℓ2λ

DSE-based calculations yield: κT = 2

All other couplings fixed through experience with DSE

studies of mesons

seagull terms fixed by current-conservation
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Exegesis

Dressed-quark propagators

. . . fixed in calculation of meson observables

. . . no free parameters

Diquark propagators and Bethe-Salpeter-like amplitudes

. . . two parameters, fixed in fitting desired N and ∆ masses

. . . no free parameters

. . . compare Set A cf. Set B







internal

structure







Nucleon’s electromagnetic vertex

. . . three free parameters

. . . all tied to e.m. properties of axial-vector diquark

. . . explore sensitivity to 1++ parameters

Contrast
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Magnetic Moments

Illustrate results with magnetic moments

Set A (no π cloud) Set B (room for π cloud)

µ1+ χ1+ κT κp σA
κp

|µn| σA
|µn|

κp σB
κp

|µn| σB
|µn|

1 1 2 1.79 -15.3 1.70 -5.1 2.24 -21.9 2.00 -6.2

2 1 2 2.06 1.79 2.63 2.13

3 1 2 2.33 15.4 1.88 5.1 3.02 21.9 2.26 6.1

2 0 2 2.06 0.0 1.79 0.0 2.63 0.0 2.13 0.0

2 2 2 2.06 0.0 1.79 0.0 2.63 0.0 2.13 0.0

2 1 1 1.91 -8.4 1.64 -8.4 2.45 -10.1 1.95 -8.5

2 1 3 2.21 8.4 1.85 8.3 2.82 10.1 2.31 8.5
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Behaviour of Form Factors is primarily determined by

information expressed in Poincaré Covariant Faddeev

Amplitudes

Differences between Set A and Set B outweigh

dependence on electromagnetic parameters of

axial-vector diquark

No sensitivity to diquark parameters for Q2
∼> 4 GeV2

. . . construction respects pQCD limit

Cannot readily tune model to uniformly good account of

nucleon electromagnetic properties

Something more than dressed-quark and -diquark

degrees of freedom is required
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